Abstract: PVC and balsa wood are usually used in the interlayer structures of wind turbine blades. In this paper, a comparative study on the lightning damage characteristics of the two materials was carried out by molecular dynamic simulations and impact current experiments. The simulations show that the glycosidic bonds in cellulose break first, which leads to a strong decrease in the degree of polymerization (DP) of cellulose (while the DP of PVC changes irregularly), then C−O bonds in the pyranoid ring break and the main chain of cellulose is destroyed, producing small molecule fractions and a lot of gas molecules. There are two steps in the pyrolysis of PVC. H and Cl atoms fall off the main chain and combined for form HCl, which needs less energy and occurs earlier than cellulose pyrolysis at 2000 K, but cellulose generates more gas products than PVC at the same temperature. Thus the damages to balsa wood and PVC mainly appear as fiber fractures and pore extension, respectively, which are consistent with the morphological features of the damage to the two materials in the impact current experiments. The experimental results also show that the pyrolysis temperature of PVC was lower than that of balsa wood, and the residual strength decreases faster in PVC than in balsa wood with the increase of peak current. This study should play an important guiding role for lightning protection and material selection of wind turbine blades.
Introduction
Wind energy is one of the most promising renewable energies, and wind power generation has developed rapidly in recent years. The global installed wind power capacity in 2016 was 20 times that of 2001. With the increase of the wind turbine unit capacity and the wind farm scale, the hub height and blade length of wind turbines has increased, and most wind farms are located on open ground and mountains, so they are easily struck by lightning [1] [2] [3] . According to the US wind energy insurance claims report in 2012, the proportion of the damage caused by lightning was 23.4% of the turbine failures. Damage caused by lightning can occur in the blades, generators, controllers, control cables and other parts. Blades are the most vulnerable parts of the turbines, with the highest maintenance costs and the longest downtime (about 10 days after each accident). Although there are some flow control devices such as improved microtab system [4, 5] to decrease damage and loads on wind turbine blades, these methods cannot protect the blades against lightning. At present, epoxy resin reinforced by glass fiber is mainly used in the spar cap of wind turbine blades, and the interlayer structure is usually made by PVC and balsa wood in order to reduce weight. However, these two materials are seldom compared in terms of their lightning damage characteristics.
When lightning strikes the blades, the instantaneous large current increases the electric field intensity in the internal pores of the material, triggering an avalanche of ionization of the dielectric, which forms a plasma discharge channel where the temperature rises rapidly to several thousand degrees Celsius in a brief time (1-5 µs) . The blade materials decompose rapidly at high temperature, and the wind turbine failure will occur. It is pointed out in [6, 7] that the lightning strike can produce a surface arc, which will go into the pores and the Joule heat will lead to a rapid temperature rise, causing material surface damage along the arc path, while the Joule heat can also cause thermal pyrolysis of the epoxy resin and gasification of fiber materials, which will lead to the material delamination phenomenon [8] ; Kithi et al. [9] studied the thermal expansion of water vapor in the blades and found that the different water vapor distribution in different parts and different materials of the blades caused imbalanced damage of the blades under the effect of lightning arcs and high temperature. It can be seen from the above study, lightning strikes will lead to a chemical degradation of PVC and balsa wood, and cause the mechanical strength of the two materials to decrease. In addition, gas products and water vapor expansion at high temperature will also lead to additional material damage. However these studies are all qualitative and quantitative studies and in-depth analysis of the chemical degradation processes of PVC and balsa wood are needed to study the mechanical damage characteristics of the two materials.
With the improvement of computer calculation, microcosmic simulation has gradually became an effective method to study physical and chemical properties of materials. The reactive force field (ReaxFF) was put forward by Adri et al. in 2001 [10] . Atomic bonds are judged by the relationship between bond length, bond order, and bond energy. The bond angle and torsional force are defined as a function of bond order [10] , which can effectively simulate the molecular reaction process. At present, the force field has been applied to oxidization of hydrocarbon compounds [11] , polymer system [12] [13] [14] , high-energy materials system for the manufacture of explosives and fuel [15] [16] [17] , metal oxide system and transition metal catalyst system [18, 19] . For example, Zhong et al. [20] studied the reaction characteristics of phenolic hydroxyl groups at the initial stage of pyrolysis of phenolic resin. Zeng et al. [21] studied the erosion behavior of polyvinylidene fluoride (PVDF) under the attack of oxygen atom. Li et al. [22] studied the melting process of β-white quartz under external electric field. Diao et al. [23] studied the thermal degradation of epoxy resin. It was found that water was the main product and the water generation process was also studied. It can be seen that dynamics analysis of molecular reaction can be used to simulate the chemical degradation process of polymer materials, which can help to reveal the damage characteristics of blade materials caused by lightning.
The damage characteristics of PVC and balsa wood caused by lightning arc thermal effect were compared in this paper by molecular reaction dynamics and impact current experiments. The chemical reaction process, the main gas products and their generation mechanism as far as the two materials are concerned, were studied quantitatively. Then impact current experiments were carried out, and the morphological features of the damage to the two materials in the experiments were used to verify the simulation results. The simulation and experiment results showed the different pyrolysis microcosmic mechanism and damage characteristics of balsa wood and PVC. This paper can provide theoretical support for lightning protection of wind turbine blades.
Molecular Simulation of Material Arc Damage
The mechanical damage of the material under lightning arc exposure is mainly caused by material pyrolysis, gas product expansion, and the internal air expansion. The damage mechanism of balsa wood and PVC caused by arc heating effect was studied by means of a molecular reaction dynamics simulation at a molecular level. 
Modeling and Simulation of Balsa Wood and PVC

Molecular Model of PVC and Balsa Wood
The main components of PVC and balsa wood are polyvinyl chloride (PVC) and cellulose, respectively. In this paper, the two polymer molecules of different degree of polymerization (DP) were simulated. It was found that the DP has little effect on the pyrolysis process of the two macromolecules. Taking into account the convenience of observation and the calculation speed, the cellulose molecule with 2 DP and the PVC molecule with 4 DP were modeled and simulated to study the microscopic mechanism of pyrolysis. The periodic cells of the two molecules were built by Material Studio software. The periodic boundary condition was used to eliminate boundary effect. The target densities of the two models were 1.59 g/cm 3 (cellulose) and 1.35 g/cm 3 (PVC) respectively. The models of cellulose and PVC were shown in Figures 1 and 2 . The carbon atoms are gray, oxygen atoms are red, hydrogen atoms are white, and chlorine atoms are green. The main components of PVC and balsa wood are polyvinyl chloride (PVC) and cellulose, respectively. In this paper, the two polymer molecules of different degree of polymerization (DP) were simulated. It was found that the DP has little effect on the pyrolysis process of the two macromolecules. Taking into account the convenience of observation and the calculation speed, the cellulose molecule with 2 DP and the PVC molecule with 4 DP were modeled and simulated to study the microscopic mechanism of pyrolysis. The periodic cells of the two molecules were built by Material Studio software. The periodic boundary condition was used to eliminate boundary effect. The target densities of the two models were 1.59 g/cm 3 (cellulose) and 1.35 g/cm 3 (PVC) respectively. The models of cellulose and PVC were shown in Figures 1 and 2 . The carbon atoms are gray, oxygen atoms are red, hydrogen atoms are white, and chlorine atoms are green. 
Simulation Process
Because the lightning strike can lead to a temperature increase of thousand degrees Celsius in blades, material pyrolysis tests were carried out over a temperature range from 1000 K to 5000 K and it was found that the reactions under 4000 K were slow and incomplete, and when the temperature was 4000 K, the reaction was basically completed in 200 ps. Thus the simulation temperature was set to 4000 K and the reaction time was set to 200 ps. a. Model optimization Firstly, energy minimization of the established model was performed; then the minimized cells were optimized according to their dynamic equilibrium at 298 K for 20 ps based on NVE, NPT, and NVT ensembles, respectively (N was the number of atoms V was the volume of the cell, T was the temperature of the cell, E was the energy of the cell and P was the pressure of the cell, for example, NVT ensemble was a system with constant atom number, volume and temperature). Each time the dynamic equilibrium optimization was completed, the energy of the system was minimized again.
b. Pyrolysis reaction
The molecular dynamic reaction of the optimized model at 4000 K was carried out in NVT ensemble. The force field was ReaxFF in MS (Materials Studio) software, equilibration time was 1 ps, production time was 200 ps, time step was 0.1 fs, and frame output every 100 steps. 
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Simulation Results
The Mechanism of Pyrolysis Process
a. Pyrolysis mechanism of balsa wood After repeated simulations, it was found that glycosidic bonds broke first at the beginning of the reaction, because the dissociation energy of the glycosidic bonds was the lowest. Then the main chain was broken and the DP decreased, as shown in Figure 3 . This was consistent with the conclusion in [24] that the DP of the insulation paper decreased rapidly during lasting high temperature experiments. At the same time, the number of hydrogen atoms and hydroxyls dropped, and some single bonds turned to double bonds and triple bonds. These highly active free radicals (H − , OH − ) combined to make water or abstracted other hydrogen atoms and hydroxyls from the main chain, which promoted its decomposition. Then the D-glucose rings were broken. The oxygen-containing bridging −O−C− bond in the glucose ring usually broke prior to other C−C bonds, and formed an aldehyde group or a carbonyl group, as shown in Figure 4 . As the reaction progressed, some C−C bonds gradually broke and low-carbon molecules formed. Hydrogen and hydroxyl radicals continued to break off, more water molecules were formed, and some of the hydrogen atoms combine with each other to generate hydrogen (H 2 ), then the main chain broke up and some small molecules were formed. After repeated simulations, it was found that glycosidic bonds broke first at the beginning of the reaction, because the dissociation energy of the glycosidic bonds was the lowest. Then the main chain was broken and the DP decreased, as shown in Figure 3 . This was consistent with the conclusion in [24] that the DP of the insulation paper decreased rapidly during lasting high temperature experiments. At the same time, the number of hydrogen atoms and hydroxyls dropped, and some single bonds turned to double bonds and triple bonds. These highly active free radicals (H − , OH − ) combined to make water or abstracted other hydrogen atoms and hydroxyls from the main chain, which promoted its decomposition. Then the D-glucose rings were broken. The oxygen-containing bridging −O−C− bond in the glucose ring usually broke prior to other C−C bonds, and formed an aldehyde group or a carbonyl group, as shown in Figure 4 . As the reaction progressed, some C−C bonds gradually broke and low-carbon molecules formed. Hydrogen and hydroxyl radicals continued to break off, more water molecules were formed, and some of the hydrogen atoms combine with each other to generate hydrogen (H2), then the main chain broke up and some small molecules were formed. b. Pyrolysis mechanism of PVC As for PVC degradation process, the Cl atom substituents were the most unstable part and broke off first from the main chain, as shown in Figure 5 . The active chlorine free radicals abstracted H atoms from the PVC chain, and formed HCl. The adjacent two C atoms, which have lost Cl atoms and H atoms, easily generate double bonds or triple bonds, or the interphase C atoms connect to form a ring, as shown in Figure 6 . As the reaction progresses, the C−C bonds broke and low-carbon small molecules were produced, and the DP decreased. However, these low-carbon molecules were not stable, and they were easily reconnected with the main chain. In addition, the tail carbon atoms sometimes connected with other PVC molecular chain, which made the DP increase, as shown in Figure 7 . The C chains constantly broke and were restructured during the pyrolysis process, thus there was no regular pattern change in the DP of PVC. After repeated simulations, it was found that glycosidic bonds broke first at the beginning of the reaction, because the dissociation energy of the glycosidic bonds was the lowest. Then the main chain was broken and the DP decreased, as shown in Figure 3 . This was consistent with the conclusion in [24] that the DP of the insulation paper decreased rapidly during lasting high temperature experiments. At the same time, the number of hydrogen atoms and hydroxyls dropped, and some single bonds turned to double bonds and triple bonds. These highly active free radicals (H − , OH − ) combined to make water or abstracted other hydrogen atoms and hydroxyls from the main chain, which promoted its decomposition. Then the D-glucose rings were broken. The oxygen-containing bridging −O−C− bond in the glucose ring usually broke prior to other C−C bonds, and formed an aldehyde group or a carbonyl group, as shown in Figure 4 . As the reaction progressed, some C−C bonds gradually broke and low-carbon molecules formed. Hydrogen and hydroxyl radicals continued to break off, more water molecules were formed, and some of the hydrogen atoms combine with each other to generate hydrogen (H2), then the main chain broke up and some small molecules were formed. b. Pyrolysis mechanism of PVC As for PVC degradation process, the Cl atom substituents were the most unstable part and broke off first from the main chain, as shown in Figure 5 . The active chlorine free radicals abstracted H atoms from the PVC chain, and formed HCl. The adjacent two C atoms, which have lost Cl atoms and H atoms, easily generate double bonds or triple bonds, or the interphase C atoms connect to form a ring, as shown in Figure 6 . As the reaction progresses, the C−C bonds broke and low-carbon small molecules were produced, and the DP decreased. However, these low-carbon molecules were not stable, and they were easily reconnected with the main chain. In addition, the tail carbon atoms sometimes connected with other PVC molecular chain, which made the DP increase, as shown in Figure 7 . The C chains constantly broke and were restructured during the pyrolysis process, thus there was no regular pattern change in the DP of PVC. b. Pyrolysis mechanism of PVC As for PVC degradation process, the Cl atom substituents were the most unstable part and broke off first from the main chain, as shown in Figure 5 . The active chlorine free radicals abstracted H atoms from the PVC chain, and formed HCl. The adjacent two C atoms, which have lost Cl atoms and H atoms, easily generate double bonds or triple bonds, or the interphase C atoms connect to form a ring, as shown in Figure 6 . As the reaction progresses, the C−C bonds broke and low-carbon small molecules were produced, and the DP decreased. However, these low-carbon molecules were not stable, and they were easily reconnected with the main chain. In addition, the tail carbon atoms sometimes connected with other PVC molecular chain, which made the DP increase, as shown in Figure 7 . The C chains constantly broke and were restructured during the pyrolysis process, thus there was no regular pattern change in the DP of PVC. The residual DP (the ratio of the sum of maximum DP in single molecular split chains and the initial number of macromolecules) of PVC and cellulose was calculated, and the results are shown in Figure 8 . As we can see, the DP of cellulose decreased rapidly and the DP of PVC fluctuated. The residual DP (the ratio of the sum of maximum DP in single molecular split chains and the initial number of macromolecules) of PVC and cellulose was calculated, and the results are shown in Figure 8 . As we can see, the DP of cellulose decreased rapidly and the DP of PVC fluctuated. The residual DP (the ratio of the sum of maximum DP in single molecular split chains and the initial number of macromolecules) of PVC and cellulose was calculated, and the results are shown in Figure 8 . As we can see, the DP of cellulose decreased rapidly and the DP of PVC fluctuated. The residual DP (the ratio of the sum of maximum DP in single molecular split chains and the initial number of macromolecules) of PVC and cellulose was calculated, and the results are shown in Figure 8 . As we can see, the DP of cellulose decreased rapidly and the DP of PVC fluctuated. The residual DP (the ratio of the sum of maximum DP in single molecular split chains and the initial number of macromolecules) of PVC and cellulose was calculated, and the results are shown in Figure 8 . As we can see, the DP of cellulose decreased rapidly and the DP of PVC fluctuated. 
The Main Pyrolysis Gas Products and the Generation Mechanism a. Main gas products of balsa wood
The gas products of cellulose were very complex, including CO, CO 2 , H 2 O, H 2 , and a variety of low carbon compounds. This was consistent with the gas chromatography results of cellulose pyrolysis proposed by Luo et al. in [24] .
H 2 O
H 2 O was the main product in cellulose pyrolysis. The hydrogen atoms and hydroxyls in cellulose molecules were active, and were likely to break off the main chain. These free hydrogen and hydroxyl radicals could easily combine to form water molecules by the influence of hydrogen bonds, as shown in Figure 9 . The simulation results showed that the water was not stable and was further involved in the generation of other products during the pyrolysis reaction, resulting in the water content decreasing, but new H 2 O molecules were generated, thus the increase of water molecules showed a fluctuting trend. The gas products of cellulose were very complex, including CO, CO2, H2O, H2, and a variety of low carbon compounds. This was consistent with the gas chromatography results of cellulose pyrolysis proposed by Luo et al. in [24] .
H2O
H2O was the main product in cellulose pyrolysis. The hydrogen atoms and hydroxyls in cellulose molecules were active, and were likely to break off the main chain. These free hydrogen and hydroxyl radicals could easily combine to form water molecules by the influence of hydrogen bonds, as shown in Figure 9 . The simulation results showed that the water was not stable and was further involved in the generation of other products during the pyrolysis reaction, resulting in the water content decreasing, but new H2O molecules were generated, thus the increase of water molecules showed a fluctuting trend.
(a) (b) Figure 9 . The generation process of H2O: (a) hydroxyl and hydrogen radicals break from carbon chain, and (b) formation of H2O from dropped hydroxyl and hydrogen.
H2
As the reactions progresses, more and more hydrogen atoms are removed from the main chain at high temperature. Some of these highly reactive hydrogen radicals combined with hydroxyl radicals to give water, while some of them combined with each other to generate hydrogen, the others abstracted hydrogen atoms from other molecules to generate hydrogen and promote the pyrolysis.
CO2
After the pyranoid ring broke, as shown in Figure 10 , the C1 atom connecting with the oxygen atoms in pyranoid rings and the oxygen atoms in glucosidic bond easily fell off the main chain to form CO2 while it lost the hydrogen atom, as shown in Figure 11 . In addition, the C7 atom with the oxygen atoms in pyranoid rings and a hydroxyl group could drop off the main chain and generate a formic acid molecule, and this would turn into CO2 by dehydrogenation. Because there was no oxygen in this simulation, which was different from the actual environment, the production of CO2 was lower than it should be. In fact, carbon burning will occur when lightning strikes the blades, and a larger amount of CO2 is produced. 
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After the pyranoid ring broke, as shown in Figure 10 , the C1 atom connecting with the oxygen atoms in pyranoid rings and the oxygen atoms in glucosidic bond easily fell off the main chain to form CO 2 while it lost the hydrogen atom, as shown in Figure 11 . In addition, the C7 atom with the oxygen atoms in pyranoid rings and a hydroxyl group could drop off the main chain and generate a formic acid molecule, and this would turn into CO 2 by dehydrogenation. Because there was no oxygen in this simulation, which was different from the actual environment, the production of CO 2 was lower than it should be. In fact, carbon burning will occur when lightning strikes the blades, and a larger amount of CO 2 is produced.
CO
In the oxygen-free simulation environment, CO was one of the most common products in cellulose pyrolysis. Formic acid molecules easily lose the hydrogen and hydroxyl group to produce CO. The other groups such as aldehyde groups, carbonyl groups and the carbon atoms with hydroxyl groups were likely to produce CO. In addition, the existing CO 2 could be reduced to CO under the strong reducing action of hydrogen radicals. 
In the oxygen-free simulation environment, CO was one of the most common products in cellulose pyrolysis. Formic acid molecules easily lose the hydrogen and hydroxyl group to produce CO. The other groups such as aldehyde groups, carbonyl groups and the carbon atoms with hydroxyl groups were likely to produce CO. In addition, the existing CO2 could be reduced to CO under the strong reducing action of hydrogen radicals.
C2H2
Acetylene was another main product in cellulose pyrolysis. After the hydrogen atoms and hydroxyl groups fell off, the saturation of main chain and existing small molecules was very low, and many single bonds turned into double or triple bonds. Some double carbon intermediate products such as ethynol (HC≡COH), unsaturated C2 (C≡C), and unstable ethylene glycol ( C C \ / / \ ) could change into C2H2 through the replacement of hydroxyls by H atoms (as shown in Figure 12 ), hydrogen absorption, or dehydroxylation. 
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The main pyrolysis gas product of PVC was HCl, H 2 and C 2 H 2 . There were also a few olefins and chlorohydrocarbons. HCl was the main gaseous product in PVC pyrolysis, because the chlorine atoms in PVC are unstable and are easily removed from the main chain. The active chlorine radicals promoted the removal of H atoms from the PVC chain, and formed HCl as shown in Figure 13 .
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HCl
HCl was the main gaseous product in PVC pyrolysis, because the chlorine atoms in PVC are unstable and are easily removed from the main chain. The active chlorine radicals promoted the removal of H atoms from the PVC chain, and formed HCl as shown in Figure 13 . 
C2H4
Ethylene was mostly derived from the head or tail two carbon atoms falling off the long chain. There were also some ethylene and acetylenes that transformed into each other. The number of ethylenes in the earlier period was higher than in the later period, because many Cl atoms and H atoms were abstracted from the main chain, and the saturation level of the chain was low, thus the triple bond was more stable than double bond and some C2H4 changed to C2H2 or were added to main chain, leading to the slight decrease of C2H4, as shown in Figure 14 . 
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The simulation results showed that the number of C2H2 molecules was nearly the same as that H2 ones at 4000 °C. The saturation of the PVC molecule was reduced after dechlorination and dehydrogenation, and double or triple bonds or ring structures were formed. As the reaction progressed, some C−C bonds broke and generated low carbon molecules, then the small molecules such as C2H4 were reduced to C2H2 and H2 as shown in Figure 15 , or unstable intermediates C2 obtained two hydrogen atoms to produce C2H2, but C2H2 and other low carbon molecules would also reconnect with the carbon chain, leading to an increase of DP, so the increase of C2H2 fluctuated. 
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The simulation results showed that the number of C 2 H 2 molecules was nearly the same as that H 2 ones at 4000 • C. The saturation of the PVC molecule was reduced after dechlorination and dehydrogenation, and double or triple bonds or ring structures were formed. As the reaction progressed, some C−C bonds broke and generated low carbon molecules, then the small molecules such as C 2 H 4 were reduced to C 2 H 2 and H 2 as shown in Figure 15 , or unstable intermediates C 2 obtained two hydrogen atoms to produce C 2 H 2 , but C 2 H 2 and other low carbon molecules would also reconnect with the carbon chain, leading to an increase of DP, so the increase of C 2 H 2 fluctuated. 
H2
As the reaction progressed some C−H bonds broke at high temperature. These hydrogen radicals that were removed from the main chain were active and combined with each other to form H2 as shown in Figure 16 , or abstracted H atoms from carbon chains or other small molecules to form hydrogen. 
Quantitative Comparison of the Gas Products of Cellulose and PVC
The expansion of the gas products at high temperature was an important material damage factor. In order to compare the amount of gas products of balsa wood and PVC, two models with the same volume of cellulose and PVC were set up in this paper. One cellulose molecule with a DP of 16 and nine PVC molecules with a DP of 4 were added in the two periodic cells respectively. The pyrolysis reaction was carried out at different temperatures to analyze the temperature influence on the two materials. The CO, CO2, H2, HCl, other inorganic small molecules, low carbon hydrocarbons with less than five carbon atoms and the CHO compounds with only one carbon atom were considered as gas molecules in the simulation environment. The number of gas molecules produced by pyrolysis of cellulose and PVC at 4000 K and 2000 K are shown in Figure 17a 
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As we can see from Figure 17 , the gas molecules of cellulose were much more than those of PVC at high temperature, but the decomposition temperature of PVC was lower than that of cellulose, and the PVC generated gas and degraded earlier than cellulose when the temperature was not very high. The DP of cellulose decreased sharply at high temperature and generated a lot of low-carbon small molecules, in addition, dehydration and carbonization could also occur easily in cellulose and then the carbon combustion with the oxygen could occur in the actual environment, leading to more gas products. The DP of PVC fluctuated. On the one hand the long chains could break into low-carbon small molecules, which decreased the DP, while on the other hand the main chains or small molecules could connect with other chains, which increased the DP and decreased the gas products. Thus the gas products of cellulose were more than those of PVC. In addition, the breakage of Cl−C bonds in PVC needs more energy than the breakage of glycosidic bonds and pyranoid rings in cellulose, so the Cl atoms came off the PVC earlier and the Cl radicals could easily abstract H atoms from PVC molecules and form HCl. As for cellulose, the glycosidic bonds and pyranoid rings broke first, and then the C−C bonds and C−O bonds broke to generate small gas molecules. This process needed more energy than PVC, thus the PVC generated gas molecules earlier than cellulose at 2000 K. But at 4000 K, both PVC and cellulose could get enough energy and generated gas quickly. As we can see from Figure 17 , the gas molecules of cellulose were much more than those of PVC at high temperature, but the decomposition temperature of PVC was lower than that of cellulose, and the PVC generated gas and degraded earlier than cellulose when the temperature was not very high. The DP of cellulose decreased sharply at high temperature and generated a lot of low-carbon small molecules, in addition, dehydration and carbonization could also occur easily in cellulose and then the carbon combustion with the oxygen could occur in the actual environment, leading to more gas products. The DP of PVC fluctuated. On the one hand the long chains could break into low-carbon small molecules, which decreased the DP, while on the other hand the main chains or small molecules could connect with other chains, which increased the DP and decreased the gas products. Thus the gas products of cellulose were more than those of PVC. In addition, the breakage of Cl−C bonds in PVC needs more energy than the breakage of glycosidic bonds and pyranoid rings in cellulose, so the Cl atoms came off the PVC earlier and the Cl radicals could easily abstract H atoms from PVC molecules and form HCl. As for cellulose, the glycosidic bonds and pyranoid rings broke first, and then the C−C bonds and C−O bonds broke to generate small gas molecules. This process needed more energy than PVC, thus the PVC generated gas molecules earlier than cellulose at 2000 K. But at 4000 K, both PVC and cellulose could get enough energy and generated gas quickly.
Impact Current Experiments
Experimental Methods
The PVC and balsa wood of wind turbine blades were cut into 15 cm × 10 cm × 2 cm cuboids. In order to simulate the internal arc damage of material, two pieces of cuboid material were stacked together, and a nickel-chromium wire (d = 0.1 mm) was put between the two pieces of material. Then the specimen was fixed by insulating tape. One side of the nickel-chromium wire was connected to the high-voltage port of an impulse current generator and the other side of the wire was connected to the low-voltage port. When the wire was melted, the high temperature was used to simulate the thermal effect of the lightning arc. A diagram is shown in Figure 18 .
Then the output current was set to an impact lightning current and the peak value was set to 1.45, 6.28, 12.5 and 21 kA, respectively. Then the impact currents with different peak values were added to the nickel-chromium wire to test the damage current of the two materials and observe their damage characteristics. The morphological damage features of the two materials were observed by scanning electron microscope (SEM) and the residual strength of the two materials was tested by a plastic pendulum bob shock testing machine. 
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Experimental Results
Damage Morphology of the Two Materials
The two pieces of specimen were unfolded and the damage condition of the two materials is Figure 18 . The specimen diagrammatic sketch.
Experimental Results
Damage Morphology of the Two Materials
The two pieces of specimen were unfolded and the damage condition of the two materials is shown in Table 1 . As we can see, there are carbonization traces along the nickel-chromium wire on the two pieces of material. The higher the peak current is, the bigger the carbonization areas are. There are obvious mechanical damages in both materials but the damage level is different. The upper layer of PVC was fractured when the peak current rose to 6.28 kA, and the two layers were both broken when the peak current rose to 12.56 kA. However, the upper layer of balsa wood was not broken until the peak current rose to 21 kA. Thus the damage current of PVC is lower than that of balsa wood.
The damage morphological features observed by SEM (magnification was 200 times) are shown in Figure 19 . From the damage morphology we can see that the damage to PVC and balsa wood is different. The balsa wood damage showed itself as fractured fibers and missing material, and the PVC damage was mainly pore expansion. That was consistent with the simulation results: the pyrolysis results of cellulose consisted of main chain breakages, DP decrease and gas generation, which caused the fiber breakage and material defects.; the PVC chain broke and recombined in pyrolysis process and there was no obvious reduction in DP, so there was nearly no break in PVC damage, but PVC were softened locally under the effect of arc high temperature because the glass transition temperature of PVC was low, and the large amount of HCl and other gases produced in pyrolysis process could expand the gaps in the softened PVC. The experiment results were consistent with the simulation results. Balsa wood Figure 18 . The specimen diagrammatic sketch.
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Damage Degree of the Two Materials
The sizes of the damage areas in the two materials were measured. The width size along the surface and the depth size of the two materials are shown in Tables 2 and 3 , respectively. As we can see, the damage width was larger than the depth in balsa wood but the size of width and depth in PVC was not regular. The impact residual strength of the two materials is shown in Figure 20 . It was 
The sizes of the damage areas in the two materials were measured. The width size along the surface and the depth size of the two materials are shown in Tables 2 and 3 , respectively. As we can see, the damage width was larger than the depth in balsa wood but the size of width and depth in PVC was not regular. The impact residual strength of the two materials is shown in Figure 20 . It was found that the impact residual strength of PVC and balsa wood decreased with the increase of peak current, and the fall in PVC was faster. In addition, PVC was easier to fracture along the depth direction than balsa wood because arc heat in PVC spread non-directionally, but in balsa wood it spread along the surface direction. 
The Comparison of Balsa Wood and PVC
The damage characteristics of balsa wood and PVC were compared.
1.
The pyrolysis temperature of PVC was found lower than that of balsa wood. According to the pyrolysis simulation of the two materials at different temperatures, the release of HCl in PVC occurred earlier than glycosidic bond breaks in balsa wood at the same temperature, so that the heat resistance of balsa wood was better than that of PVC. The impact experiments also showed that the PVC was damaged at a lower current than balsa wood. In addition, PVC softened easily at high temperature because its glass transition temperature is low (78-81 • C), and the ultraviolet light and oxygen could also cause photooxidation of PVC, causing the flexibility of PVC to decrease, thus in the strong light and high temperature areas balsa wood resulted better than PVC as blade material.
2.
The rigidity of cellulose decreased greatly during pyrolysis. The cellulose has stronger rigidity compared with PVC. Firstly the molecular polarity of cellulose made the interaction between the molecular chains stronger; secondly the hexagonal pyranoid rings in the molecule made moisture content of balsa wood is much higher than that of PVC. On the one hand, the water molecules could promote the pyrolysis of the cellulose; on the other hand, the combined water would evaporate at high temperature, which could also exacerbate balsa wood damage, so PVC was better than balsa wood as a turbine blade material in humid areas (such as those where offshore wind turbines are installed). 
Conclusions
Lightning arcs can cause serious mechanical damage to both balsa wood and PVC. However the damage characteristics in PVC and cellulose were different. In PVC the Cl atoms were active and easily captured H atoms and formed HCl. The first stage of PVC decomposition was rapid and the reaction temperature was lower than in cellulose, so that the gas was produced earlier in PVC than in cellulose at 2000 K. In cellulose, the dissociation energy of glycosidic bonds is low and they broke first. Both PVC and cellulose would produce a lot of gas products during the reaction, which could expand and cause further damage to the two materials at high temperature, and the gas amount was higher in cellulose than that produced by the same volume of PVC. In addition, the DP of cellulose decreased sharply while the DP of PVC decreased and increased irregularly during degradation. The impact current experiment results allowed to test the simulation results. The damage characteristics of PVC and balsa wood were different: the mechanical damage of PVC was mainly shown as pore expansion because the gas products expanded and the glass transition temperature of PVC was low; the damage on cellulose was mainly shown as fiber breakage and missing material, because the DP decreased sharply during the pyrolysis process and a lot of low carbon gas products were generated. The mechanical strength of cellulose is strongly reduced. The damage current of PVC was lower than that of balsa wood and the damage of PVC was also more serious than that of balsa wood at the same impact current, thus the lightning tolerance level of balsa wood was higher than that of PVC. However, the water content in balsa wood is higher than that in PVC, and the water expands at high temperature would increase the damage of balsa wood. Thus as much of the internal moisture in balsa wood should be removed as possible. What's more, in humid areas, especially in the case of offshore wind farms, PVC is better than balsa wood as a blade sandwich material.
